ABSTRACT: Biological vectors are important for redistribution of nutrients in many ecological systems. While availability of iron (Fe) to phytoplankton limits pelagic productivity in the Southern Ocean, biomagnification within marine food webs can lead to high concentrations of Fe in the diet of seabirds and marine mammals. We investigated patterns in concentrations of the micronutrients Fe, Co, Zn and Mn, and the toxins Cd and As, in the guano of oceanic, coastal and predatory seabirds and in faeces of 2 species of marine mammals that congregate to breed in the sub-Antarctic Auckland Islands. We found that much of the variability in concentrations of Fe, Co, Zn and Mn among species could be explained by foraging behaviour and by trophic position. We observed concentrations of Fe to be 8 orders of magnitude higher in the guano of predators and coastal foragers than in the sub-Antarctic mixed layer. High concentrations of As and Cd were associated with organic matter sources from macroalgae. Analyses of the molar ratio Fe:Al indicated that Fe within food webs supporting seabirds has likely been extensively recycled from its lithogenic source. Patterns in Fe:N among species indicated that Fe is concentrated 2 to 4 orders of magnitude in the guano of seabirds compared to limiting conditions for phytoplankton growth in sub-Antarctic waters. These data highlight the potential role of seabirds and marine mammals in the redistribution of micronutrients in the Southern Ocean and their likely role as key nutrient vectors in the ecosystem, particularly around the sub-Antarctic islands during the breeding season.
INTRODUCTION
Biological vectors of limiting nutrients can reshape patterns in productivity and underpin ecosystem stability on broad geographic scales linking aquatic and terrestrial environments (Meyer & Schultz 1985 , Polis & Hurd 1996 , Post et al. 1998 , Helfield & Naiman 2001 . Consequently, loss of key nutrient vectors through extinction or population decline may have dramatic effects on system productivity ). In the marine environment, the redistribution of macronutrients by seabirds and marine mammals (e.g. Sánchez-Piñero & Polis 2000, Hawke & Holdaway 2005 , Nicol et al. 2010 highlights vital structural mechanisms for ecological connectivity (Polis et al. 1997 , McCauley et al. 2012 . These studies illuminate the role of high trophic level consumers as important biological vectors of nutrients within the coastal environment and across ecotone boundaries. For example, the loss of seabirds on islands with introduced arctic foxes in the Aleutian archipelago has resulted in a striking transformation of plant communities, a trophic cascade not driven by direct population regulation, but by top-down influences on nutrient supply (Croll et al. 2005) . While the majority of studies of seabirds as biological vectors have focussed on the supply of macronutrients (N and P) near breeding colonies, seabirds are also effective vectors of essential micro nutrients (Fe, Co, Mn, Zn) as well as bioactive trace metals such as Hg, Cd and As. Consequentially, seabirds have long been used as biological indicators for accumulation of heavy metals within food webs (Norheim 1987 , Lock et al. 1992 . For example, seabird rookeries in the high Arctic have been linked to accumulation of toxic concentrations of heavy metals in lakes (Evenset et al. 2007 , Keatley et al. 2009 ). In the present study, we investigated the potential role of seabirds and marine mammals as vectors for the essential micronutrients Fe, Co, Mn and Zn in the high-nutrient low-chlorophyll (HNLC) waters of the New Zealand sub-Antarctic region in the Southern Ocean.
In the Southern Ocean, the availability of Fe limits pelagic productivity (La Roche et al. 1996 , Behrenfeld & Kolber 1999 , leading to HNLC conditions. In situ experimental additions of soluble Fe, applied at low pH, have resulted in phytoplankton blooms, indicating that Fe plays a vital role in the carbon (C) cycle of the region ). These diatomdominated blooms typically become silicate-limited in high nitrate conditions, leading to a differential effect of Fe in high-versus low-Si waters (Coale et al. 2004) . Sustained productivity has been observed in the wakes of islands, regions in which persistent eddies form leeward of a prevailing current, where Fe and Si may be replenished by runoff from multiple terrigenous sources (Blain et al. , 2008 . Thus primary productivity in HNLC conditions may respond to vectors of Fe supply, such as wind-blown dust (Mackie et al. 2008) , riverine inputs and coastal upwelling ). However, Fe supplied directly from lithogenic sources becomes insoluble at pH > 4 and is therefore not readily available to phytoplankton (Jickells et al. 2005) . Indeed, the high productivity observed in island wakes is not well correlated with total particulate Fe concentration (Blain et al. 2001 (Blain et al. , 2008 . Recent work on dust indicates that this direct lithogenic source only leads to small increases in the dissolved Fe mixed-layer inventory (Boyd et al. 2010) . Nevertheless soluble Fe, sulphurFe proteins and haem molecules are available for recycling in the microbial loop of deep pelagic systems, resulting in high retention of Fe in the pelagic food web (Boyd et al. 2004 , Frew et al. 2006 ). These results suggest that a significant proportion of the Fe that sustains pelagic productivity under HNLC conditions may be sourced or recycled from within the food web from biological vectors (e.g. Nicol et al. 2010) .
Food consumption by the world's seabirds is approximately 96.4 Mt yr −1 (Brooke 2004 , Karpouzi et al. 2007 ), comparable to the biomass removed by commercial fishing (120 Mt yr −1 ). The food base of commercial fishing comprises approximately 8% of global ocean primary production (Pauly et al. 2002) . An important distinction is that while fisheries remove nutrients from oceanic systems, seabirds recycle them. Of the worldwide consumption by seabirds, 54% comprises Fe-rich krill (Nicol et al. 2010) and cephalopods (Brooke 2004) . Here, 75% of the top consumers of these species are exclusive to the Southern Ocean (Brooke 2004) . In this context, the sub-Antarctic islands are global hotspots for seabird diversity and prey consumption (Karpouzi et al. 2007) .
Diving seabirds rely on high blood volume and high concentrations of Fe-rich haemoglobin and myoglobin to maintain their dives (Kooyman & Ponganis 1998) and all seabirds have vital metabolic needs for Fe. Excess Fe from diet and sloughed cells is egested in guano, which when combined with urine excreted at low pH (Long & Skadhauge 1983 , Bernardi et al. 2009 ) enhances the solubility of Fe. Several examples of how seabirds enhance productivity on land (Sánchez-Piñero & Polis 2000) , in the intertidal (Bosman et al. 1986 ) and in freshwater (Keatley et al. 2009 ) highlight the potential importance of their role as a vector for nutrient supply. Thus seabirds, when aggregated at high density, are potentially an important node in micronutrient cycles and a key component of the C cycle in the vicinity of the sub-Antarctic islands.
In the present study, we compared concentrations of Fe, Co, Zn, Mn, Cd and As among fresh samples of guano from 6 species of seabirds, representing 3 basic foraging guilds: oceanic, coastal and predatory. We compared these concentrations with those found in the faeces of 2 species of marine mammal that congregate to breed at the Auckland Islands. Further, we used analysis of δ 13 C and δ 15 N to quantify the trophic level and composition of organic matter sources fuelling the food webs that support each seabird and marine mammal species. Using these 2 metrics, we estimated the 'trophic position' of each species within the sub-Antarctic food web. Analysis of the molar ratio of Fe:Al, which increases with biological recycling of Fe at each trophic step from the lithogenic source (Frew et al. 2006) , was used to infer the relative degree of recycling within specific food webs associated with each foraging guild. Together, these data offer a first account of the likely position of seabirds and marine mammals within the micronutrient dynamics of sub-Antarctic island food webs and describe the likely links between foraging strategy and potential for redistribution of micronutrients (Fe, Co, Zn, Mn) and toxins (Cd and As) within the coastal system. Technical advances in tracing sources of organic matter and trace elements in food webs allowed us to resolve nutrient flux and bioaccumulation in these systems and to begin to address the question: What is the potential for seabirds and marine mammals to redistribute Fe and other micronutrients in the vicinity of the sub-Antarctic islands?
MATERIALS AND METHODS

Focal species
Oceanic foragers
Seabirds common to the Auckland Islands such as southern royal albatross Diomedea epomophora forage widely from food webs over vast pelagic areas of the Southern Ocean, extending 2000 to 8000 km from their nesting sites (Waugh et al. 2005) . These species forage on spawning aggregations of squid, and opportunistically feed on surface aggregations of mesopelagic fishes and euphausiids, with a primary diet linked to the pelagic food web of the shelf break (Imber 1999) . A significant portion of diet may be scavenged from the mesopelagic fishing industry and from feeding aggregations of marine mammals (Waugh et al. 2005) .
The yellow-eyed penguin Megadypes antipodes makes extensive foraging trips to the outer continental shelf and slope and feeds extensively on pelagic fishes such as sprat Sprattus antipodum and on squid Nototodarus sloanii with limited feeding on benthic species such as red cod Pseudophycis bachus (van Heezik 1990) .
Coastal foragers
The endemic Auckland Island shag Phalacrocorax colensoi is restricted to the island region and its associated food webs. These cormorants make foraging trips out across the island wake onto the shelf, feeding on a variety of prey including octopus Octopus huttoni, small schooling fish such as red cod and benthic fish including triplefins (Tripterygiidae; C. Lalas unpubl. data).
Black-backed gulls Larus dominicanus are primarily coastal feeders, breaking open shellfish, foraging in the intertidal and opportunistically feeding on carrion. In the Auckland Islands, the mussels Aulacomya maoriana and Mytilus galloprovincialis, limpets Patella magellanica, chitons Chiton lineolatus and majid crabs make up a large portion of black-backed gull diet (S. Wing unpubl. data), suggesting strong links to the coastal intertidal food web.
Predators
The brown skua Catharacta skua is a predator of other seabirds (Pietz 1987) . On the Auckland Islands, brown skua feed on chicks of Auckland Island shag P. colensoi, diving petrels (e.g. Pelecanoides urinatrix) and prions (Pachyptila spp.), as well as on carrion, primarily Hooker's sea lions Phocarctos hookeri and Australasian fur seals Arctocephalus forsteri (S. Wing unpubl. data).
Northern giant petrels Macronectes halli feed on a range of marine life including fledgling seabirds and scavenge extensively on carrion (Ridoux 1994) . In the Auckland Islands, they focus strongly on carrion of Hooker's sea lions and Australasian fur seals, but also feed in the island wake on zooplankton, mesopelagic fish and squid (S. Wing unpubl. data).
Marine mammals
The Hooker's sea lion (classified as 'nationally critical' by the New Zealand Department of Conservation) has a remnant breeding colony on the Auckland Islands (Childerhouse & Gales 1998) . Diet includes coastal fish and invertebrates as well as mesopelagic fish and squid, and the sea lions can be found as far north as the Subtropical Convergence on foraging bouts (Lalas 1997 ). Hooker's sea lions also feed on Australasian fur seals (L. Jack unpubl. data).
Southern right whales Eubalaena australis congregate to breed at the Auckland Islands where they form a dense aggregation in winter. Whales feed primarily on lobster-krill Munida gregaria, copepods (Calanus spp.) and euphausiids including Euphausia superba and concentrate their feeding on the Subtropical Convergence (Best & Schell 1996) . The Subtropical Convergence, a major division between macro nutrient-limited subtropical and micronutrient-limited sub-Antarctic water masses, lies to the north of the Auckland Islands where it follows shelf bathymetry (Smith et al. 2013 ).
Sample collection
We collected individual samples of fresh guano in January 2011 from occupied nesting and rookery sites of each species. In each case, positive matches were made between individuals of each species and the guano sample collected. Guano samples were collected using trace element clean procedures into acidwashed vials and frozen for later analysis. Samples of southern right whale faeces were collected during July 2011 and July 2012 from breeding aggregations of whales in Ross Harbour. Individual samples were collected with a fine-meshed dip net and transferred into clean sample containers. Samples of Hooker's sea lion faeces were collected in January 2011 from haulout sites on Enderby Island and Auckland Island, again matched to individual animals. Each sample was collected using trace element clean sampling procedures into acid-washed vials and stored frozen for later analysis. From these samples, 6 to 12 replicates of each species were then prepared for analysis of δ 13 C and δ 15 N by isotope ratio mass spectrometry and trace elemental concentration by inductively coupled plasma mass spectro metry (ICP-MS).
Stable isotope analysis
Samples were freeze-dried and ground to a fine powder using mortar and pestle. From each sample, a 1 to 2 mg subsample was weighed, depending on sample type, and sealed into a tin capsule for stable isotope analysis of δ 13 C and δ 15 N. Samples were ana lysed in the Department of Chemistry, University of Otago, by combustion in an elemental analyser (Carlo Erba NA1500) to CO 2 and N 2 . The isotopic compositions of the sample gases were measured by a Delta Advantage isotope ratio mass spectrometer (Thermo-Finnigan) operating in continuous flow mode. Raw delta values were normalized and reported against the international scales for C and N, Vienna PeeDee Belemnite and air, respectively. Normalization was made by 3-point calibration with 2 glutamic acid international reference materials and a laboratory EDTA (Elemental Microanalysis) standard for C (USGS-40 = −26.2‰, USGS-41 = 37.8 ‰, EDTA = −38.52 ‰) and N (USGS-40 = −4.52‰, USGS-41 = 47.57‰, EDTA = −0.73‰). Time-based drift correction was calculated from the laboratory standard analysed at regular intervals with the samples. Analytical precision based on the replicate analyses of the quality control standard (EDTA, n = 12) was 0.2‰ for δ macroalgae were characterised with a stratified mean from samples of Macrocystis pyrifera and Durvillaea antarctica collected from each shore station (Fig. 1 ). An iterative procedure was then used to determine the basal organic matter used and the trophic level of the diet of each seabird and marine mammal. Firstly, the relative contribution of SPOM and macroalgae was estimated for each individual using δ 13 C in a 2-source mass balance model (Phillips & Gregg 2001 , Jack & Wing 2011 . In this step, an approximation of trophic level was used to estimate trophic discrimination of δ 13 C. The results of this model were used to estimate the corresponding δ 15 N of the mixture of organic matter sources supporting each individual (δ 15 N base ). Trophic level was then calculated for each individual from δ 15 N base , defined as: (δ 15 N consumer − δ 15 N base /Δ n ) + 1, where Δ n is the trophic discrimination factor, after Post (2002) . The resulting estimate of trophic level was then iterated back into the mass balance model until a stable solution was obtained for both the mixture of organic matter sources and trophic level. We used the average trophic discrimination factors for aquatic environments of + 0.4 ‰ (SE 0.17) for Δ 13 C and + 2.3 ‰ (SE 0.28) for Δ 15 N, after McCutchan et al. (2003) , for each enrichment step.
ICP-MS methods
Samples of seabird guano and marine mammal faeces were freeze dried in acid-washed high-density polyethylene (HDPE) vials. Each sample was then ground into a fine powder using acid-washed HDPE rods. A 0.2 g aliquot of each sample was then cold digested using 10 ml quartz-distilled (QD) HNO 3 for 1 h in acid-washed perflouroalkaloxy CEM microwave tubes, then hot digested in a CEM MARS6 microwave at 180°C for 40 min. When cooled, digested samples were dried down on a hot block and re-dissolved using 1 ml QD HNO 3 , diluted up to 25 ml using MilliQ filtered water and then further diluted 10:1 using MilliQ.
An Agilent 7500ce quadrupole ICP-MS with octopole collision cell and autosampler was used for the analysis of trace metals in guano and faeces samples. Al, Fe, Zn, As, Cd and Co were of primary interest, but other elements were measured to establish matrix composition and possible interferences. Dilutions of the sample digests and blanks in 2% v/v HNO 3 were spiked offline with a cocktail of 6 reference elements to compensate for any drift or possible matrix effects. Calibration standards were prepared by serial dilution of a SPEX CertiPrep multi-element standard (NIST traceable). The ICP-MS was tuned according to the manufacturer's recommendations for robust conditions to minimize interferences and instrumental drift. Where possible, multiple isotopes of the analyte elements were measured to confirm the absence of interferences. The accuracy of this single step measurement was established with several Certified Reference Materials (DOLT-2 dogfish liver, National Research Council Canada; CRM-414 plankton, Institute for Reference Materials and Measurements, IRMM; CRM BCR-279 sea lettuce, IRMM). The analysis of microwave-assisted digestions of 3 biological reference materials for the elements of interest gave recoveries typically within 5% of expected values, while the digestion of a mineral reference material produced recoveries within 2% of certified values.
Statistical analysis
Three seabird foraging guilds were determined a priori based on each species' foraging behaviour, and compared to a fourth group made up of marine mammals. Oceanic foragers included the southern royal albatross and yellow-eyed penguin, coastal foragers comprised the black-backed gull, red-billed gull and Auckland Island shag. Predators comprised brown skua and northern giant petrel, and marine mammals comprised Hooker's sea lion and southern right whale. We used ANOVA to test variance of δ 
RESULTS
Basal organic matter sources
Analysis of δ Fig. 2a) .
Trophic position
Trophic level and the proportion of basal organic matter sources supporting food webs differed clearly among species. Among the coastal foragers, blackbacked gulls fed at a lower trophic level linked to macroalgal productivity, while Auckland Island shags and red-billed gulls occupied an intermediate position. The 2 predators, brown skua and northern giant petrel, fed at a higher trophic level and comprised a mixture of organic matter sources. The oceanic foragers relied on food webs fuelled by pelagic productivity, with southern royal albatross occupying a high trophic level and yellow-eyed penguins a lower trophic level. The 2 mammals were also linked to pelagic productivity, with southern right whales a secondary consumer and Hooker's sea lions feeding at a relatively high trophic level, consistent with prior knowledge of these species (Fig. 2b) .
Trace element concentrations
Analysis of concentrations of Fe (ppm) from faeces and guano revealed clear differences among foraging guilds and species (full model: r 2 = 0.78, F 7, 33 = 16.91, p < 0.0001). [Fe] was higher in the guano of predatory birds than in other foraging guilds (foraging guild: F 3, 33 = 30.79, p < 0.0001, Tukey's pairwise ) and was greatest in brown skua, whilst concentrations in the guano of oceanic foragers (yelloweyed penguins and southern royal albatross) were low (species: F 3, 33 = 9.99, p < 0.0001; Fig. 3a) . Analysis of concentrations of Co (ppm) from faeces and guano revealed clear differences among foraging guilds and species (full model: r 2 = 0.69, F 7, 33 = 10.59, p < 0.0001), with strikingly similar patterns in variability as those measured for [Fe] . [Co] was higher in the guano of predatory birds than in other foraging guilds (F 3, 33 = 19.29, p < 0.0001, Tukey's pairwise comparisons: predators [a], coastal, oceanic, mammal [b] ) and was greatest in brown skua, whilst concentrations in the guano of oceanic foragers (yellow-eyed penguins and southern royal albatross) were low (species: F 3, 33 = 6.83, p < 0.0004; Fig. 3b [bc] ), in particular in brown skua, whilst the Fe:C molar ratio in the guano of oceanic foragers and faeces of marine mammals, in particular yellow-eyed penguins and southern right whales, were low (species: F 3, 33 = 9.99, p < 0.0001; Fig. 4a ).
In addition, ratios of Fe:N differed among foraging guilds and species (full model: r 2 = 0.92, F 7, 31 = 50.52, p < 0.0001), indicating increases in the concentrations of Fe relative to N in the food web. Consistent with patterns in the ratio of Fe:C, Fe:N ratios were highest in the guano of predatory species and lowest in oceanic foragers (foraging guild: ). In particular, ratios of Fe:N were greatest in brown skua and relatively low in the oceanic foragers: yellow-eyed penguins and southern royal albatross (species: F 3, 33 = 77.92, p < 0.0001; Fig. 4b) .
Concentrations of Zn (ppm) and Mn (ppm) from guano and faeces also differed among foraging guilds and species. Zn concentrations (full model: r 2 = 0.96, F 7, 30 = 110.74, p < 0.0001) were greatest in predatory foragers (foraging guild: F 3, 33 = 103.50, p < 0.0001; Tukey's post hoc test: predators [a], coastal, oceanic, mammal [b] ), a trend that appears driven by high levels found in the guano of brown skua (species: F 3, 33 = 107.81, p < 0.0001; Fig. 5a ). Mn concen- Fig. 5a ).
High concentrations of Cd (ppm) and As (ppm) were associated with the coastal food web. The concentration of Cd in guano and faeces (full model: r 2 = 0.88, F 7, 31 = 33.46, p < 0.0001) was greatest in the guano of coastally foraging seabirds (foraging guild: 
DISCUSSION
The data and results presented here dem onstrate the potentially important role of seabirds and marine mammals as biological vectors of limiting nutrients in the sub-Antarctic ecosystem. In this system, Fe limitation restricts productivity in the offshore subAntarctic water mass, while coastal waters contain re latively high concentrations of Fe (Frew et al. 2006) . In the present study, we report evidence for bioaccumulation of Fe in food webs supporting seabirds and marine mammals and note that relative to N, Fe is accumulated in guano and faeces at 3 to 5 orders of magnitude higher concentrations than is needed for phytoplankton growth in sub-Antarctic water. Based on the concen trations that we have observed, the amount of bio available Fe in seabird guano and faeces of marine mammals may contribute a significant supply of recycled Fe to the upper mixed layer, needed to account for observed high pelagic production in the vicinity of the sub-Antarctic islands (Blain et al. 2008) . For example, the average concentration of Fe in the guano of the coastally foraging group would account for a delivery of 0.016 g input of bio available Fe from 10 g dry weight (DW) of guano. Based on the observed Fe:C molar requirement of phytoplankton in sub-Antarctic water in the range of 2.6 ×10 −5 to 4.2 × 10 −5 mol mol −1 (Boyd et al. 2004 , Frew et al. 2006 , this input would potentially facilitate production of 81.9 to 132.3 gC from phytoplankton. After 1 trophic level in the pelagic food web, this would equate to 8.2 to 13.2 gC from prey if birds were feeding at trophic level 2, for example on euphausiids (assuming a 10% efficiency of organic matter transfer between trophic levels). This amount of prey approaches what is required for production of 10 g DW of guano. Thus the guano of coastally foraging seabirds in this system can potentially augment a significant component of the productivity needed to support their consumption of prey. The biological transport of nutrients associated with foraging can account for a significant portion of the nutrient budget in both aquatic (Meyer & Schultz 1985) and terrestrial systems (Post et al. 1998 ). Large-scale migrations associated with breeding in these systems have been observed to intensify biological pathways for nutrient transport. In this case, important fluxes of nutrients associated with breeding aggregations may dominate nutrient supply in some systems (Sánchez-Piñero & Polis 2000 , Helfield & Naiman 2001 . Results from the present study suggest an important ecological mechanism whereby bioaccumulation and redistribution of micro nutrients within the food web may provide a positive feedback for supporting productivity in the vicinity of the sub-Antarctic islands.
Our data suggest 3 primary mechanisms by which marine mammals and seabirds potentially redistribute micronutrients in the subAntarctic ecosystem. ; Frew et al. 2006) . Additional flux of nutrients and organic matter may be driven by vertical migration of zooplankton and nekton that feed in the surface mixed layer by night and migrate to depth by day, where they excrete nutrient-rich wastes (Long hurst & Harrison 1988) . In the Southern Ocean, pelagic seabirds and marine mammals, such as southern royal albatross, yelloweyed penguins and southern right whales that feed extensively on deep scattering layer species, provide a mechanism for returning nutrients to the photic zone (e.g. Lavery et al. 2010) . In the present study, we observed high Fe:Al molar ratios within the guano of this foraging guild, indicating extensive recycling of Fe within the food web (Frew et al. 2006) . Our data suggest that oceanic foragers provide guano that is rich in Fe relative to concentrations in the surface waters. For example we observed molar ratios of Fe:N 2 orders of magnitude higher in guano of oceanic foragers than those found in the mixed layer of subAntarctic waters (Frew et al. 2006 ). A second mechanism is the likely horizontal redistribution of nutrients by coastally foraging species, such as Auckland Island shag, black-backed gull and Hooker's sea lion. These species feed within relatively micronutrient-rich coastal food webs and extend their foraging bouts across the island shelf in proximity to the most Fe-limited waters. Concentrations of Fe and other potentially limiting micronutrients are markedly higher in the island wakes of the sub-Antarctic islands than in surrounding oceanic water, a gradient in concentration that can exceed 3 orders of magnitude (Blain et al. 2001) . These gradients in the availability of Fe are reflected in adaptations of oceanic diatoms to Fe-depleted conditions relative to coastal species (Strzepek & Harrison 2004) . Coastally feeding seabirds and marine mammals frequently make foraging bouts to frontal zones and the edges of the continental margin. In the subAntarctic islands, this region comprises the island shelf and associated waters. Based on our data, the coastal foraging guild accumulates high concentrations of Fe and other potentially limiting micronutrients (Co, Zn, Mn) and transports them during extended foraging bouts across horizontal gradients in micronutrient supply. Here our analysis indicates that accumulation of Fe relative to N (Fe:N) in the guano of the coastal foragers can reach 3 orders of magnitude above that required for phytoplankton growth in sub-Antarctic waters, indicating a strong potential gradient between coastal foragers and the offshore photic zone. Our analysis of the trophic position of these foragers indicates that they rely on food webs fuelled by a mixture of coastal macroalgae and phytoplankton and range in trophic level from 2 to 4, highlighting the potential of these species to integrate micronutrients from multiple organic matter sources.
The third mechanism for the potential redistribution of Fe, and other limiting micronutrients, is the trophic magnification of micronutrients by top predators and scavengers. The predatory guild is represented in the present study by the brown skua, a specialist predator on seabirds, and by the northern giant petrel, an opportunistic predator−scavenger. As a predatory guild, these high trophic level (4−5) consumers feed on both coastal (Auckland Island shags, black-backed gulls) and oceanic seabirds (storm petrels, prions) and on carrion from marine mammals and seabirds. Their diet therefore includes micronutrient-rich components, and because they feed widely across the coastal system extending out to oceanic fronts, they potentially accumulate and then redistribute these trace metals across strong horizontal gradients. Top predatory seabirds have the highest observed accumulations of micronutrients in their guano, with concentrations of Fe of up to 8.84 mg g −1 , or a molar ratio Fe:N of 0.025, found in guano of brown skuas. The Fe:N in this guano is 4 orders of magnitude above reported ambient conditions in the sub-Antarctic mixed-layer particulate pool, indicating a high potential for lateral diffusion of nutrients (Fig. 4) . By integrating across foraging guilds and consuming a micronutrient-rich diet, predators and scavengers provide a focal point for redistribution of high concentrations of bioavailable Fe in this system.
An additional pattern observed in our analysis is the covariability of As and Cd concentrations in the guano of seabirds. We observed the highest concentrations of both As and Cd in the guano of blackbacked gulls, which feed extensively in the intertidal zone on prey such as mussels, crabs and limpets. Analysis of the trophic position of black-backed gulls indicated reliance on food webs founded largely on macroalgae as the basal organic matter source. The observed pattern indicates that As and Cd may be sourced from organic matter originating from kelp, which can contain high concentrations of both As and Cd in this system (e.g. Walsh & Hunter 1992) . These data highlight the interaction between food web structure, composition of basal organic matter sources and the accumulation of bioactive trace metals in the system.
The patterns reported here highlight the possibility that a small component of the biological community may play a large role in the lateral diffusion of limiting nutrients. The amount of transport by each of these mechanisms will depend strongly on the size and composition of seabird and marine mammal populations. Presently, best estimates for global consumption of food by seabirds are approximately 96.4 Mt yr −1 (Brooke 2004 , Karpouzi et al. 2007 ). Similarly, marine mammals may consume approximately 150.7 Mt yr −1 in the Pacific Ocean (Trites et al. 1997 , Pauly et al. 1998 . Therefore, together seabirds and marine mammals require approximately 22% of primary production in order to maintain current population sizes (Pauly & Christensen 1995 , Trites et al. 1997 . The associated nutrients from this consumption are both recycled and, importantly, redistributed across the system against oceanographic concentration gradients. At present, both seabird and marine mammal population densities in the Southern Ocean are at historical lows, suggesting scope for a potentially much larger role of both groups as nutrient vectors (e.g. Nicol et al. 2010 , Lavery et al. 2014 .
Although the data presented here support the possibility that seabirds and marine mammals act as biological vectors, several caveats must accompany these conclusions. Our study focused on individual samples of seabird guano and faeces of marine mammals, so conclusions about trophic level and composition of organic matter sources are based on the most recent meal of individuals rather than an integrated measure of diet. Accordingly, information on trophic position is then constrained to the breeding season for these animals when they form aggregations on the island. We took special care to collect fresh samples and identify individuals so sample sizes would reflect population variability. Also, fresh samples would not be subject to significant volatilisation of ammonia and associated influences on δ N. We therefore used estimates of trophic position in the present study to augment information on the foraging behavior of each species; however, our a priori groupings are based on trophic studies of each species (see 'Focal species' in 'Materials and methods'). Data on concentrations of Fe and other bio active trace metals provide important evidence for bioaccumulation of these micronutrients within food webs supporting the 4 feeding guilds. Here we specifically contrasted seabirds that forage in the coastal zone with those that make extensive oceanic foraging bouts. We then considered seabird predators and carrion feeders as a separate category. Concentrations of micronutrients in these guilds were compared to those found in the faeces of Hooker's sea lions and southern right whales, 2 important marine mammals on the Auckland Islands. We did not resolve mechanisms for bioaccumulation in these food webs; however, these data give important clues for how micronutrients are distributed within coastal and oceanic food webs.
Seabird populations are important indicators of the marine food web (Jenouvrier et al. 2005b , Piatt et al. 2007 , varying in distribution and abundance with sea surface temperature (Weimerskirch et al. 2003) , prey stocks (Croxall et al. 2002) and shifts in ecosystem processes (Croxall et al. 2002 , Jenouvrier et al. 2005a . For example, on the sub-Antarctic islands, declines in the abundance of rockhopper penguins Eudyptes chrysocome coincide with stable isotopic evidence of declines in regional productivity (Hilton et al. 2006) . Loss of seabird abundance and diversity would alter the link between seabirds and nutrient dynamics around the sub-Antarctic islands. This may have important consequences for oceanic productivity at these hotspots for Southern Ocean biodiversity. Our results highlight an ecological mechanism whereby changes in population densities of seabirds and marine mammals may influence patterns in productivity in the system. This mechanism has important consequences for how the system may respond to loss of top trophic level species and the ecosystem services that they provide as nutrient vectors. Restoration of populations of these critical species may result in enhanced lateral diffusion of nutrients in the vicinity of islands and gains in productivity in the sub-Antarctic ecosystem. 
